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TREATMENT OR PREVENTION OF cGMP-DEPENDENT PATHOPHYSIOLOGY 
WITH A MUTANT VARIANT OF SOLUBLE GUANYLYL CYCLASE 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims the benefit under 35 U.S.C. § 119(e) of U.S. Provisional Patent 
Application No. 60/446,427 filed February 11, 2003, the disclosure of which is hereby incorporated 
herein by reference. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 

[0002] Research leading to the present invention was supported in part by the federal government 
under grants awarded by the National Space Biomedical Research Institute, U.S. Army Medical 
Research, and the National Institutes of Health. The United States government may have certain rights 
in the invention. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0003] The invention generally relates to the prevention and treatment of cyclic GMP-dependent 
pathophysiologies and to the development of drugs for use therein. More particularly, the invention 
pertains to such prevention, treatment and drug development using methods and compositions that 
employ a heme-deficient ap Cys105 mutant soluble guanylyl cyclase (sGC) enzyme or gene. 
Description of Related Art 

[0004] Soluble guanylyl cyclase (sGC), is a crucial enzyme in the NO/cGMP dependent pathway. 
sGC-mediated increase in intracellular cGMP affects smooth muscle relaxation, platelet aggregation, 
leukocyte adhesion, cell proliferation and migration, neurotransmission and other effects (1). sGC is a 
heterodimeric protein composed of one a and one /3 subunit (2). Two isoforms for each subunit (aj, c^, 
0i, ft) have been described, with the heterodimer aift ubiquitously expressed. Both subunits are 
required for a fully active sGC (3). Deletion analysis of the a and /3 subunits (4) and subsequent site- 
directed mutagenesis studies delineated some aspects of the domain structure of sGC. The NH 2 - 
terminal domains of both subunits play a crucial role in the mediation of the NO-dependent activation 
of sGC (4). The C-terminal portion of each subunit contains a cyclase homology domain found in all 
nucleotide cyclases. The C-terminal domains of both subunits are required for the assembly of an 
active catalytic center (5). The sGC heterodimer contains a heme prosthetic group (6). The heme- 
containing N-terminal domain, also referred to as the regulatory domain, is separated from the C- 
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terminal catalytic domain by a region believed to be important for the dimerization of sGC (7), 
although the role of this domain in dimerization remains to be tested. Soluble guanylyl cyclases are 
often referred to as Nitric Oxide (NO) receptors. NO binds to the heme moiety of sGC (8) and coincide 
with stimulation of sGC (9), which reaches several hundred-fold with purified enzyme (10-12). 
Extensive analysis of UV-Vis (1 1,13), EPR (14) and Raman (15,16) spectra described the 
transformation of the sGC heme prosthetic group upon binding of nitric oxide. In the absence of NO 
sGC heme is 5- coordinated with a histidine 105 residue of the /3 subunit as the axial ligand. Binding of 
NO to Fe** and formation of nitrosyl heme result in the disruption of the histidine-heme coordinating 
bond and displacement of iron from the protoporphyrin plane. The kinetic and mechanistic aspects of 
these transformations are the subject of considerable investigation (17-20). Site-directed mutagenesis 
studies identified His 105 of the /3 subunit as the axial ligand for the heme moiety (21, 22) and the first 
365 residues of the /3 subunit are sufficient to bind and retain the heme group (23). Although the 
connection between the formation of the nitrosyl heme and activation of cGMP synthesis is well 
documented and accepted, little is known about the coupling mechanism between these two events. 
While the perturbations in the heme moiety of sGC upon NO-binding are well described, the 
mechanism by which the heme-containing domain regulates sGC catalytic center is not understood. 
One of the most commonly accepted hypotheses proposes that NO-induced release of the His 105 
residue allows His 105 to exert its function and stimulate the enzyme (24, 25). Toward elucidating the 
main mechanism of physiological activation and pharmacological inhibition of cGC, there are reports 
describing the substitution of the heme-coordinating Histidine 105 residue of the bovine /3 subunit with 
phenylalanine (21, 40). As this substitution resulted in elimination of NO-dependent regulation of 
sGC, it proved the crucial role of /3Hisl05 residue in activation of sGC enzyme. To analyze the role of 
the heme moiety in the activation of sGC by YC-1, the heme-coordinating histidine was substituted 
with a cysteine residue (26), which is known to coordinate heme in other enzymes, e.g. nitric oxide 
synthase (43). This report demonstrated that His 105 residue is important for the activation of sGC 
through allosteric activator YC-1, but YC-1 -dependent activation can occur without heme, albeit less 
efficiently. 

[0005] In summary, it is known that soluble guanylyl cyclase (sGC) is an important enzyme that is 
involved in the regulation of cardiovascular homeostasis and pathologies (blood pressure, 
atherosclerosis, septic shock), neurotransmission and sensory perception. This enzyme is the target of a 
group of compounds known as NO-donors, or such known and widely used drugs as nitroglycerin. 
Upon activation by these drugs the enzyme synthesizes intracellular messenger cGMP and regulates a 
number of cellular processes. The enzyme acts as a heterodimer whose activity is regulated by the 
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ferrous heme moiety. The sGC activation methodologies presently in use or in development rely on 
activation of sGC enzyme by delivering pharmacological compounds (mainly NO donors or allosteric 
regulators of sGC) or on delivery of NOS genes coding for enzymes that produce NO in order to 
activate sGC. There is no currently available method that can increase and sustain cGMP levels 
without drug administration. Another drawback of the methods currently used in practice today is that 
the effects of nitroglycerin and NO-donors are transient and the patients taking it often develop 
tolerance to their effects. In addition, some of the allosteric regulators have toxic effects on cellular 
level. 

[00061 Inhibition of sGC activity has been shown to be effective in the prevention of septic shock in 
animals. Conventional inhibitors of sGC are based on the oxidation of the heme moiety of the enzyme. 
Those inhibitors are not specific since they also affect other heme-containing enzymes. The 
conventional inhibitors are also not very effective due to the large excess of hemoglobin and myoglobin 
proteins which buffer the effect of the inhibitors. 

BRIEF SUMMARY OF THE PREFERRED EMBODIMENTS 
100071 A constitutively active mutation in the regulatory domain of soluble guanylyl cyclase (sGC) 
mimicking the stimulated state of the enzyme is described. This mutant variant of sGC (<xp CysI05 
mutant sGC) employed in the methods described herein does not require exposure to the above- 
mentioned drugs, or any other drugs, in order to display its catalytic activity. This feature makes it a 
good candidate for alternative methods to elevate and sustain intracellular cGMP levels. Accordingly, 
in some embodiments of the present invention, delivery of only the mutant beta (j3) subunit (or beta 
gene) of the alpl^eta sGC heterodimer is sufficient to affect intracellular cGMP levels, since the 
mutant beta subunit competes efficiently with the normal beta subunit for sGC assembly. 
[0008] The preferred methods and compositions take advantage of the fact that this is the first variant 
of the sGC enzyme that does not require pharmacological activation and is constitutively active. The 
Histidine 105 residue is known to be important for the binding of the heme moiety of the enzyme. The 
heme moiety, in turn, is crucial for sGC activation by currently used drugs. Based on similar studies 
performed with sGC the mutation was expected to abolish sGC activity and make the enzyme 
insensitive to NO-donors. However, the substitution of His 105 by a cysteine residue resulted in an 
enzyme that does not require activation by NO-donors since it is constitutively activated, even though it 
lacks the heme moiety and is not responsive to NO. The ap Cys105 mutant enzyme has the catalytic 
properties of a normal sGC after administration of drugs. Thus, the constitutively active heme-deficient 
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sGC mutant lacks the flaws of current inhibitors and will find widespread therapeutic uses and as a 
laboratory tool. 

[0009] Among other uses, the ap Cys105 mutant sGC DNA will be useful in gene therapy for the 
prevention or treatment of a variety of pathophysiologies, and the protein will find use for drug 
screening. In accordance with certain embodiments of the present invention, a method of screening a 
substance of interest for heme independent inhibition of soluble guanylyl cyclase is provided. The 
method comprises a) obtaining purified ctfP 5105 mutant soluble guanylyl cyclase enzyme or a cell 
lysate containing ctfP 5105 mutant soluble guanylyl cyclase enzyme; b) assaying the purified enzyme or 
cell lysate for formation of cGMP from GTP in the presence of the substance; and c) assaying the 
purified enzyme or cell lysate for formation of cGMP from GTP in the absence of the substance. In 
some embodiments, the method also includes: d) carrying out steps b) and c) in the presence or 
absence of an activator. The results from steps b), c), and d), if present, are compared to determine 
whether the substance inhibits cGMP production by the purified enzyme or cell lysate. 
[0010] In accordance with another embodiment of the present invention, a method of screening a 
substance of interest for heme independent activation of soluble guanylyl cyclase is provided. This 
method comprises a) obtaining purified QjS 0 ^ 105 mutant soluble guanylyl cyclase enzyme or a cell 
lysate containing oj^ 105 mutant soluble guanylyl cyclase enzyme; b) assaying the purified enzyme or 
cell lysate for formation of cGMP from GTP in the presence of the substance; and c) assaying the 
purified enzyme or cell lysate for formation of cGMP from GTP in the absence of the substance. In 
some embodiments, this method also includes: d) carrying out steps b) and c) in the presence or 
absence of an activator other than the substance of interest. The results from steps b), c), and, d), if 
present, are compared to determine whether the substance enhances cGMP production by the purified 
enzyme or cell lysate. 

[0011] Also provided by the present invention is a method to identify, or aid in identifying, a 
functional region of soluble guanylyl cyclase that is responsible for sGC regulation. The method 
includes a) obtaining a library of deletion mutants of a subunit of soluble guanylyl cyclase; 
b) producing mutant sGC enzymes containing jf^ 05 subunit and a subunits with deletions obtained in 
step a); and c) obtaining cell lysates comprising the respective mutant sGC enzymes with a subunit 
deletions, from step b). In certain embodiments, the method includes: d) purifying the mutant sGC 
enzymes from step c). The method further comprises: e) assaying the purified enzymes or cell lysates 
from step c) or d) for formation of cGMP from GTP in the absence of activators or inhibitors; 
f) assaying purified wild type sGC enzyme, or a cell lysate comprising the wild type sGC enzyme, for 
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formation of cGMP from GTP in the absence of activators or inhibitors; and g) assaying purified 
off** 105 mutant sGC enzyme, or a cell lysate comprising the ctfJ 0 ^ 105 sGC enzyme, for formation of 
cGMP from GTP in the absence of activators or inhibitors. The results from e), f) and g) are compared 
to determine whether any of the a subunit deletions decreases or increases the activity of the 
corresponding mutant enzyme tested in step e), as compared to the off^ 105 mutant sGC enzyme in step 
g), to levels comparable or identical to that of the wild type sGC enzyme in step f). Using those results, 
an a subunit deletion mutant from step a) is identified which contains a critical or non-critical region 
that effects sGC activation. An effector region of the sGC protein may have a modulating function on 
the sGC enzymatic activity (e.g., effecting a transducing signal), or it may be important or critical for 
enzyme activation or function (e.g., all or part of the active site of the enzyme). 

[0012] In accordance with certain embodiments of the present invention, a method to aid in identifying 
functional regions or structural features of soluble guanylyl cyclase stimulation is provided. In some 
embodiments the purified GjS 0 ^ 105 mutant soluble guanylyl cyclase enzyme is crystallized in the 
presence of DTT and/or in the absence of DTT. The resulting soluble guanylyl cyclase enzyme crystals 
are then compared and structural changes in the soluble guanylyl cyclase protein associated with the 
presence or absence of DTT are determined. 

[0013] Some embodiments of the present invention provide a method of increasing and/or sustaining 
intracellular production of cyclic GMP in a mammalian cell which include: providing QjS 0 ^ 105 mutant 
soluble guanylyl cyclase, or the jS^ 105 subunit thereof, to the cell in vitro or in vivo. In certain 
embodiments, the method additionally or alternatively includes constitutively expressing in the cell the 
Ojf^ 105 mutant soluble guanylyl cyclase gene, or a portion thereof containing at least the DNA coding 
for the jS^ 105 subunit. 

[0014] Also provided in accordance with certain embodiments of the present invention are methods of 
treating, attenuating or preventing a mammalian pathophysiologic condition associated with cyclic 
GMP regulation of a cellular process. In some embodiments, the method includes increasing and/or 
sustaining cGMP production by delivering the ajS 0 ^ 105 mutant soluble guanylyl cyclase enzyme, or the 
^ CysI05 subunit thereof, to at least one cell in vivo.. In some embodiments, increasing and/or sustaining 
cGMP production comprises delivering the gj^ 105 mutant soluble guanylyl cyclase gene, or the (f^ 105 
subunit portion thereof, to at least one cell in the mammal. Because the effects of conventional drugs 
such as nitroglycerin and NO-donors are typically transient, and the recipients often develop tolerance 
to the drugs' effects, the use of intrinsically active a(3 Cys105 mutant sGC eliminates the need for 
activation and is also expected to abolish the problem of tolerance. 
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[0015] In some embodiments, the treatment, attenuation or prevention of a mammalian 
pathophysiologic condition associated with cyclic GMP regulation of a cellular process comprises 
inhibiting cGMP production by administering an inhibitor of soluble guanylyl cyclase that acts 
independently of the heme moiety of soluble guanylyl cyclase, in a mammal in need of such treatment, 
attenuation or prevention. 

[0016] In certain embodiments the method of treating or preventing a mammalian pathophysiologic 
condition associated with cGMP regulation of a cellular process comprises treating or attenuating 
angina. In some embodiments the pathophysiologic condition comprises a cardiovascular disease, 
including, but not limited to, chronic heart disease, chronic hypertension, thrombosis, atherosclerosis, 
congestive heart failure and myocardial infarction. In some embodiments the pathophysiologic 
condition comprises a post-angioplasty complication or a complication arising from a vein graft 
operation. In other embodiments the method of treating or preventing a pathophysiologic condition 
associated with cGMP regulation of a cellular process includes treating a tumor or attenuating or 
preventing tumor metastasis. In still other embodiments, the method of treating or preventing a 
mammalian pathophysiologic condition associated with cGMP regulation of a cellular process 
comprises treating or attenuating a penile dysfunction. In yet another embodiment the 
pathophysiologic condition comprises septic shock. Still other embodiments, advantages and features 
of the present invention will be apparent from the description and drawings which follow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] Figs. 1A-B are graphs showing that the mutant gjS 0 ^ 105 enzyme has a high activity inhibited by 
DTT (Fig. 1 A), but not GSH (Fig. IB). 

[0018] Figs. 2A-B are bar graphs showing that the allosteric activator YC-1 activates the QjS 0 ^ 105 
mutant more effectively in the presence of DTT (Fig. 2B) than without (Fig. 2 A). 
[0019] Fig. 3 is a graph showing arachidonic acid (AA) dependent activation of ajS 0 ^ 105 mutant 
enzyme over a range of AA concentrations. 

[0020] Fig. 4 is a bar graph showing PPIX-dependent activation of wild type and Q)3Cys 105 mutant 
enzymes. 

[0021] Figs. 5A-D are graphs showing heme reconstitution and SNP (Fig. 5A) or YC-1 (Fig. SB) 
stimulation, and spectral data for the mutant enzyme with/without hemin (Figs. 5C/D). 
[0022] Figs. 6A-B depict Western blotted (Fig. 6A) and Coomassie stained (Fig. 6B) SDS-PAGEs 
showing that no disulfide bonds between mutant sGC subunits are formed. 



6 



[0023] Fig. 7. is a bar graph comparing intracellular accumulation of cGMP in Sf9 cells expressing 
wild type sGC or a/f^ 05 . 

[0024] Fig. 8. is a schematic representation of changes in the regulatory domain of wild type and 

c^ 3 * 105 sGC. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
[0025] A heme-deficient mutant sGC with a substituted Hist 105 residue is described herein, which has 
a high basal specific activity and displays properties similar to NO- stimulated wild type sGC. The role 
of the heme-coordinating bond and of the coordinating His 105 residue in governing the function of the 
sGC regulatory domain is discussed. The heme-coordinating His 105 residue of the j3 subunit of soluble 
guanylyl cyclase was substituted with cysteine, resulting in a heme-deficient enzyme. Analysis of this 
enzyme indicated that the mutant sGC has a high basal activity comparable with the activity of the wild 
type sGC activated by nitric oxide. The mutant was significantly inhibited by DTT, but not 
glutathione, and was heme-insensitive without DTT, The mutant can be partially reconstituted with 
heme after treatment with DTT and is activated by NO, although both heme and NO activation are lost 
after gel filtration. The mutant is only partially stimulated by NO-independent activators such as 
protoporphyrin DC, fatty acids and allosteric activators, but the DTT-inhibited mutant shows activation 
by these reagents. Intracellular mutant sGC displays a remarkably high level of cGMP synthesis, 
which is also not affected by nitric oxide. Based on the properties of this constitutively active a^^ 105 
enzyme a revision of the functional role of the His 105 residue is proposed. The mechanism of sGC 
activation by NO is discussed. 
Materials and Methods 

[0026] Reagents. Hemin, Grace media, FBS and imidazole were purchased from Sigma. The NO 
donor 3-(2-hydroxyl- 1 -methyl-2nitrosohydrazino)-N-methyl- 1 -propanamine (NOC-7) was from 
Calbiochem. The S-CS'-Hydroxymethyl^'fury^-l-benzyl-indazole (YC-1) activator was from Alexis 
Co. [o* 2 P] GTP was from NEN. 

[0027] cDNA 's and Expression Vectors. The design and generation of baculo viruses expressing sGC 
a and /3 subunits and the generation of the site-directed substitution of /3Hisl05 were described 
previously (26) (appended hereto). 

[0028] sGC Expression and Purification. Wild type and ajS 0 * 5105 mutant sGC were expressed in Sf9 
cells as described previously (26). Purification of sGC was performed as described earlier (26), the 
disclosure of which is hereby incorporated herein by reference, with the following modifications. Cells 
were harvested 72 h post infection, resuspended in loading buffer (25 mM triethanolamine, pH 7.5. 10 
glycerol, 4 mM MgCl 2 and 1 mM phenylmethylsulfonyl fluoride, and 5 fig/ml each of pepstatin A, 
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leupeptin, aprotinin, and chymostatin,) and lysed by sonication. The lysate was subjected to 100,000 x 
g centrifugation for 1 h. The high-speed supernate was loaded on a 60 ml DEAE-Sepharose 
(Amersham Pharmacia Biotech) column and washed with 60 ml of loading buffer without protease 
inhibitors. The proteins were eluted with loading buffer containing 250 mM NaCl and the eluate was 
directly loaded on a 30 ml His-Bind resin (Novagen) column. The column was washed with 60 ml of 
loading buffer followed by 60 ml of loading buffer with 45 mM imidazole. The enzyme was eluted 
with 175 mM imidazole and 2 ml fractions were collected. The absorbance spectra (wild type enzyme) 
and activity (both wild type and ojS 0 ^ 105 mutant) in the elution fractions were determined and the 
positive fractions were pooled for further studies. The enzyme at this stage was approximately 90-95% 
pure. To remove imidazole, sGC-containing fractions were diluted 3 fold with 25 mM triethanolamine 
pH 7.5, loaded on a 2 ml Hi-Trap DEAE-Sepharose column (Amersham Pharmacia Biotech), washed 
with 10 ml of loading buffer and eluted with 25 mM triethanolamine pH 7.5, 250 mM NaCl, 10 
glycerol, 4 mM MgCl 2 , 0.5 mM EDTA, 0.5mM EGTA. The enzyme obtained at this stage (95% or 
greater purity) was used for experiments. 

[0029] Assay of sGC Activity. Enzyme activity was assayed by formation of [ 32 P] cGMP from 
a[ 32 P]GTP at 37°C in a final volume of 100 pel. Incubation medium contained 50 mM triethanolamine- 
HCI buffer (pH 7.4), 1 mM 3-isobutyl-l-methylxanthine (IBMX), 1 mg/ml BSA. 1 mM cGMP, 3 mM 
MgCl 2 , 0.05 mg/ml creatine phosphokinase, 5 mM creatine phosphate, 0.1 mM EGTA. 200 GTP 
(about 10.000 cpm/pmol). The reaction was started by addition of the substrate (GTP) with or without 
activators. ImM DTT, GSH or cysteine were added to the incubation medium before the addition of 
GTP. Thiol concentration varied in some experiments as indicated. Samples containing 0.2 /ig sGC 
were incubated for 10 or 15 min and the reaction was stopped by addition of 500 /xl 150 mM zinc 
acetate and 500 /xl 180 mM sodium carbonate. The pellet of zinc carbonate containing most of the 
unreacted GTP was removed by centrifugation and the supernatant fractions were loaded onto columns 
filled with 1 g of neutral alumina. Columns were then eluted with 10 ml 0.1 M Tris-HCI buffer (pH 
7.5) and Cherenkov radiation in flow through plus eluate was counted in a LKB liquid scintillation 
spectrometer. Samples incubated in the absence of sGC were used as a negative control. The 
concentration of dimethylsulfoxide (DMSO) used as a vehicle for YC-1 was not higher than 0.1 and 
had no effect on sGC activity as determined previously. 

[0030] UV-Vis Spectroscopy. All absorbance measurements were recorded with a dual-beam Cecil 
9500 spectrophotometer at 25°C. To monitor the heme reconstitution of the o^ 105 mutant, 2 /xM 
g^ 3 * 105 sGC in 25 mM triethanolamine pH 7.5, 10% glycerol, 250 mM NaCl, 4 mM MgCl 2 , 0.5 mM 
EDTA and 0.5 mM EGTA were treated with 2 mM DTT for 15 min at room temperature. Hemin stock 
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solution (5 mM) was prepared in DMSO and was reduced by dilution in 25 mM TEA, pH 7.5 
containing 5 mM DTT to a working solution of 500 /iM. The reduced heme was kept under argon in a 
gas-tight vial during the reconstitution. Identical amounts of reduced hemin (between 0.1 fiM to 15 
were added with a gas-tight syringe to both sample and reference cuvettes, which contained 25 mM 
triethanolamine pH 7.5, 10% glycerol, 250 mM NaCl, 4 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM EGTA 
and 2 mM DTT. Difference spectra were recorded between 370 and 600 nm with a speed of 200 
nm/min. To measure the effects of NO on the spectra of reconstituted qjS 0 ^ 105 enzyme, 50 /xM NOC-7 
was added to both sample and reference cuvettes and spectra recorded 15 min later. 
[0031] Assay of cGMP Accumulation in Intact Cells. 48 hours postinfection SF9 cells expressing 
either wild type or ojSCys 105 mutant sGC were washed twice with Dulbecco's PBS and preincubated for 
10 min in PBS with 0.5 mM IBMX in 50 /xl final volume of 107 cell/ml cell suspension. After this, 1 
mM SNP or vehicle was added and the cells are incubated for an additional 5 min at 37°C. The 
reaction was terminated by addition of 50 /il of 1 M perchloric acid and cGMP was extracted on ice for 
1 h. The extract was centrifuged, neutralized with 2M K 2 C0 3 and used for cGMP determination by 
radioimmunoassay (9, 27). The pellet was dissolved in 0.1 M NaOH and used for protein assay by the 
method of Lowry (28). 

[0032] SDS-PAGE and Western Blot Purified sGC was separated on 7.5 SDS-PAGE as described 
previously (29) and transferred to Immobilon™-P membrane (Millipore Corp. Bedford, MA) according 
to manufacturer's protocol. Immunodetection of non-tagged (3 subunit was performed using a 1:1000 
dilution of polyclonal rabbit antibodies raised against 0 subunit of human sGC (12). Hexahistidine- 
tagged a subunit was detected by using 1:2000 dilution of monoclonal anti-hexahistidine antibodies 
(Quiagen). Blots were developed using the ECL detection system (Amersham Pharmacia Biotech) 
according to the manufacturer's protocol. Coomassie Blue R250 staining of SDS-PAGE gels was 
performed as described previously (29). 

Example 1. DTT Effects on Mutant Enzyme and Wild Type Enzyme 

[0033] Sensitivity of the mutant ajS^ 105 enzyme to DTT was determined, and the results are shown in 
Fig. 1A, together with results for the wild type enzyme. The activity of purified ojS 0 ^ 105 or wild type 
enzymes was measured with 1 mM DTT (open bars) or in the absence of any thiols (solid bars). The 
activity of enzyme was measured with 100 /xM SNP or without SNP (basal) as described in Materials 
and Methods To test the effects of Cystamine on sGC, the enzyme was first preincubated for 5 min at 
room temperature with 1 mM Cystamine in the presence or absence of 1 mM DTT and then the activity 
was measured in the presence of 1 mM Cystamine. Referring now to the graph shown in .Fig. IB, the 
effects of DTT and GSH on the QjS 0 ^ 105 were compared. Purified a^ 105 mutant enzyme was 
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preincubated with reaction buffer (see Material and Methods) containing indicated concentrations of 
GSH (opened squares, dotted line) or DTT (solid diamonds, solid line) for 10 min at room temperature 
and then tested for activity. One sample (opened triangle) was treated with 10 mM GSH, then 
supplemented with 1 mM DTT before the activity was tested. The data are normalized to the sample 
without any thiols (specific activity 1±0.1 pmol/min/mg) which is defined as 100. Arrow indicates the 
decrease in activity after the addition of DTT to GSH-treated enzyme. Data representative of 5 
independent experiments with similar results performed in triplicates are shown. Values are shown as 
means ± s.d. The results of these tests, demonstrating that the mutant a/f^ 105 enzyme has a high 
activity inhibited by DTT, but not GSH, are discussed in the Results, below. 
Example 2. YC-1 Stimulation with/without DTT 

[0034] Studies were carried out to determine the effects of the allosteric activator YC-1, and the results 
are shown in Figs. 2A-B. The activity of GjS 0 ^ 105 (solid bars) and wild type enzyme (opened bars) 
preincubated with (B) or without (A) 1 mM DTT was tested in the presence of vehicle (DMSO), 100 
fiM YC-1, 100 iiM SNP, or both YC-1 and SNP as described in Material and Methods. The numbers 
above bars indicate the fold stimulation versus vehicle-treated enzyme. Data representative of 3 
independent experiments with similar results performed in triplicates are shown. Values are shown as 
means ± s.d. The experimental data shows that YC-1 activates the ajf^ 05 mutant more effectively in 
the presence of DTT (Fig. 2B) than without (Fig. 2 A), also discussed below in the Results. 
Example 3. Effect of Arachidonic Acid on Mutant Enzyme Activity 

[0035] The activity of the purified GjS 0 ^ 105 enzyme was measured in the presence of increasing 
concentrations of AA with (opened triangles, dotted line) or without (solid diamonds, solid line) 1 mM 
DTT. The data in each treatment group are normalized to sample without AA, which is defined as 100. 
Data representative of 3 independent experiments with similar results performed in triplicates are 
shown in Fig. 3. Values are shown as means ± s.d.. Specific activity of the DTT-treated enzyme 
without AA in this experiment was 0.13±0.03 ^mol/min/mg, and the specific activity of non-treated 
enzyme was 1.14±0.05 /xmol/min/mg. These results, which are discussed below, reveal that AA 
activates off** 105 mutant sGC more effectively in the presence of DTT than in its absence. 
Example 4. PPIX Activation of Wild Type and Mutant sGC 

[0036] The activity of the purified O)8Cysl05 enzyme was measured in the absence (opened bars) or \ 
presence of (solid bars) 1 /xM protoporphyrin. Before addition of PPIX the enzymes were treated with 
1 mM DTT or treated with vehicle. The data in each treatment pair are normalized to sample without 
PPIX assumed as 100. The numbers above bars indicate the specific activity of the sample in 
/xmol/min/mg. Data representative of 3 independent experiments with similar results performed in 
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triplicates are shown in Fig. 4. Values are shown as means ± s.d. PPIX-dependent activation of wild 
type and Q)8Cys 105 mutant enzymes is discussed below in Results. 
Example 5. Heme Reconstitution of o^^ 105 Enzyme and SNP or YC-1 Stimulation 
[0037] Activation by 100 YC-1 and/or 100 /xM SNP was tested on a DTT-treated heme 
reconstituted ctfP 5105 enzyme. SNP stimulation: Mutant ojg 0 ^ 105 enzyme was incubated with (Fig. 5A, 
open bars) or without (Fig. 5A, solid bars) 1 mM DTT for 15 min at room temperature and 
reconstituted with 1 /xM hemin reduced as described in Materials and Methods. The activity of the 
reconstituted enzyme was tested in the presence or absence of 100 /xM SNP. One sample was 
reconstituted with 10 /xM hemin, then subjected to gel filtration through a Hitrap Desalting column 
(Amersham Pharmacia Biotech) and activity was tested in the presence of 100 /xM SNP (after GF). 
[0038] Allosteric activation: The numbers above bars indicate the specific activity (Fig. 5A 
pmole/mg/min) or fold stimulation versus the basal activity of heme-deficient QjS 0 ^ 105 enzyme (Fig. 
5B). Data representative of 4 (Fig. 5A) or 3 (Fig. SB) independent experiments with similar results 
performed in triplicates are shown. Values are shown as means ± s.d. 

[0039] Absorption spectra of reconstituted enzyme are shown in Figs. 5C,D. Difference spectra of 2 
/xM heme-deficient DTT-treated QjS 0 ^ 105 enzyme (no hemin) and enzyme reconstituted with increasing 
concentrations of reduced hemin was recorded as described in Materials and Methods. Spectra of 
off* 3105 enzyme without hemin or reconstituted with 1 /xM and 10 /xM hemin are shown in Fig. SC. 
The enzyme reconstituted with 10 /xM hemin was subjected to gel filtration (after GF) or treated for 15 
min with 50 /xM NOC-7 (with NO) and the spectra recorded, as shown in Fig. 5D. 
Example 6. 

[0040] Purified mutant cqS 0 ^ 105 enzyme (5 pig) was incubated with 2 mM DTT for 1 hour at room 
temperature or treated directly with non-reducing (- /3-ME, lane 1) or reducing (+/3-ME, lanes 2 and 3) 
loading SDS-PAGE buffer. Western blotting with anti-6His and anti-/3-sGC antibodies was performed 
to determine the position of hexahistidine-tagged a (Fig. 6A, top panel) and ]3 subunits (Fig. 6A, 
bottom panel), respectively. In a separate experiment the mobility of the a and /3 subunits of ojS 0 ^ 105 
mutant (Fig. 6B, lane 4) and wild type enzymes (Fig. 6B, lane 5) was visualized by Coomassie staining 
of 5 /xg purified sGC separated by SDS-PAGE. As discussed in Results, below, these data show that no 
disulfide bonds between mutant sGC subunits are formed. 

Example 7. Intracellular Accumulation of cGMP in Sf9 Cells. 

[0041] Sf9 cells expressing wild type SGC (Fig. 7, open bars) or ojS 0 ^ 105 sGC (Fig. 7, solid bars) were 
harvested, washed with PBS, and challenged with vehicle or 1 mM SNP for 5 min in the presence of 
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0.5 mM IBMX. Accumulated cGMP was extracted and quantified as described in Materials and 
Methods. Data representative of 3 independent experiments with similar results performed in 
sextuplicates are shown in Fig. 7. Values are shown as means ± s.d. The differences in intracellular 
accumulation of cGMP in Sf9 cells expressing the wild type enzyme or the mutant form are discussed 
below. 
Results 

Heme Deficient a(f }fsl0S Mutant sGC has Different Specific Activity in the Presence or Absence of 
DTT. 

[00421 Baculoviruses expressing the sGC a subunit with a C-terminal histidine tag and the j8 subunit 
carrying a HislOS -> Cys substitution were used to generate the mutant off** 105 enzyme as described 
previously (26). The enzyme was heme deficient and did not respond to nitric oxide stimulation (Fig. 
1A), which corroborates previous findings (26). Typically, sGC activity in vitro is measured in the 
presence of at least 1 mM DTT. Specific activity of the QjS 0 ^ 105 enzyme in the presence of 1 mM DTT 
was 0.15 /imol/min/mg. with or without addition of sodium nitroprusside (Fig. 1, white bars). Under 
similar conditions the wild type enzyme had a specific activity of 0.02 /imol/min/mg without NO and 
1.4 /xmol/min/mg in the presence of sodium nitroprusside (SNP). These values are in agreement with 
previous measurements (26). However, when the activity was measured in the absence of DTT, we 
observed a significant change in the catalytic properties of the ojS 0 * 5105 mutant. While the activity of the 
wild type enzyme did not change significantly without DTT (Fig. 1, compare white and black bars), the 
mutant aff^ 05 enzyme showed a significantly higher activity (0.95 /xmol/min/mg, Fig. 1, compare 
white and black bars) even in the absence of any sGC activators. The addition of SNP did not change 
the activity of the o^ 105 mutant, but significantly increased the activity of the wild type enzyme (Fig. 
1A). 

10043] To test whether the mutation affected the properties of the catalytic center of sGC the Km for 
Mg^-GTP substrate was measured. We found that the GTP-Km for the g^ 105 mutant was about 150 
fiM both in the presence or absence of DTT (Table 1). These values are well within the 65-450 /xM 
range of GTP-Km measured for the recombinant sGC (12, 30-32), suggesting that the mutation did not 
affect the catalytic center. Treatment of wild type sGC with thiol modifying agents including 
cystamine and cystine (33, 34) have been shown to inhibit sGC, presumably by modification of some 
thiol groups essential for catalysis. We compared the inhibitory effect of cystamine on the a/f^ 05 
mutant and wild type enzymes (Fig. 1A). In corroboration with previous reports (33), wild type sGC 
was inhibited by cystamine and this inhibition was reversed in the presence of DTT. The mutant 
0)3°^ 105 enzyme exhibited a similar sensitivity to cystamine, but was less sensitive in the presence of 
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DTT, supporting the conclusion that the catalytic sites of the wild type and ctfP 5105 enzymes have 
similar properties. Thus, the His 105 -» Cys substitution significantly increased the activity of the 
QjS 0 ^ 105 mutant not through changes in the catalytic center, but rather by affecting the mechanism of 
sGC regulation. 

[0044) Analysis of various reducing agents indicated that the catalytic properties of the mutant ojS 0 ^ 105 
enzyme depend on the structure of the thiol used. Concentration-response measurements indicate that 
an inhibitory effect of DTT was prominent at concentrations higher than 1 mM (Fig. IB). On the 
contrary, when glutathione was used as the reducing agent, a slight stimulatory effect of GSH at a 
concentration above 1 mM was observed. In the presence of GSH. the mutant 0)3°^ 105 enzyme had a 
specific activity of up to 2 /xmol/min/mg (Fig. IB). This stimulatory effect was abolished when 1 mM 
DTT was administered to the GSH-treated enzyme. 

The off** 105 Mutant Exhibited a Higher Stimulation by Allosteric Regulators in the Presence of 
DTT. 

[0045] A group of structurally related compounds are known to activate the heme competent sGC 
without changing the absorbance spectrum of the heme moiety. The allosteric regulator YC-1 and 
structurally related pyrazolopyridine BAY-41-2272 (35, 36) are members of this family. We 
previously demonstrated that removal of the heme moiety from sGC due to His 105 -* Cys substitution 
only partially affected the activation of the enzyme by allosteric activators (26). This suggested that 
activation of sGC by allosteric regulators is both heme-dependent and heme-independent. 
[0046] We found that YC-1 activation of the gj^ 105 mutant is affected by DTT. The off**™ 5 enzyme 
preserved some activation by YC-1 and was activated up to 3-fold in the presence of DTT (Fig. 2, solid 
bars). However, in DTT-free conditions the activity of the ajf^ 05 mutant increased only by 30 with 
YC-1 activation. The extent of YC-1 stimulation of the mutant qjS 0 ^ 105 enzyme was not affected by 
SNP. The wild type enzyme was more efficiently stimulated by YC-1, displaying 1 1 -fold stimulation 
and a specific activity of 0.15 /miol/min/mg (Fig. 2). SNP enhanced YC-1 dependent stimulation of 
the wild type enzyme, but not of the mutant off**™ 5 enzyme. Identical effects on the mutant and wild 
type enzyme were observed when 2 /xM BAY-41-2272 was used instead of 100 /xM YC-1 (data not 
shown), concentrations that are maximally effective (35, 37). 
Activation of the Mutant off** 105 Enzyme by Arachidonic Acids. 

[0047] Some unsaturated fatty acids, such as arachidonic acid, activate wild type sGC independent of 
nitric oxide and heme (38). The mutant o^ 105 enzyme was tested to determine if it preserved these 
properties. In the absence of DTT, the high activity of the ojS 0 ^ 105 enzyme was only modestly 
stimulated by arachidonic acid (Fig. 3). However, in the presence of DTT, arachidonic acid stimulated 
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the mutant off** 105 enzyme and at 1 mM concentration stimulation was 3.5 fold with a 0.5 
(/xmol/min/mg activity. Wild type enzyme was also stimulated by arachidonic acid with a maximum 3 
fold activation (data not shown), which was not affected by DTT. 

Protoporphyrin DC activates the otff y * m mutant more efficiently in the presence of DTT. 
[0048] As the o}^^ 105 mutant is heme-deficient, it was decided to test whether the replacement of 
histidine 105 disrupted only the coordinating bond or induced more profound changes in the heme- 
binding domain. Protoporphyrin IX (PPIX) has been shown to effectively ' stimulate sGC (39), 
especially the heme-deficient sGC (40). In the present investigation, the effect of PPIX on the ajS 0 ^ 105 
enzyme was tested. In the absence of DTT, 1 /xM PPIX stimulated basal activity of the ojS 0 ^ 105 mutant 
only by 80 to a specific activity of 2.2 /imol cGMP/min/mg (Fig 4). However, in the presence of DTT, 
the inhibited ctfP 5105 enzyme was more receptive to activation by PPIX and exhibited a 5.4-fold 
stimulation from 0.13 /imol/min/mg to 0.70 /xmol/min/mg activity at 1 jaM PPIX. For comparison, 
PPIX-dependent activation of the heme-containing wild type enzyme resulted in similar activity in the 
presence or absence of DTT, 0.36 and 0.31 ^mol/min/mg, respectively (Fig. 4). Wild type enzyme also 
showed a higher fold stimulation by PPIX in the presence of DTT, due to a slight decrease in the basal 
activity in the presence of DTT (0.02 umol/min/mg with DTT vs. 0.05 /Ltmol/min/mg without DTT). 
Thus, the o^ 105 mutant could be activated by PPIX in the presence of DTT, suggesting that the 
mutation did not irreversibly disturb the conformation of the heme-binding domain. 
Partial Restoration of the NO Response after Heme Reconstitution. 

[0049] Since PPIX activation of the a^ 105 mutant suggested that the heme-binding domain retained 
its properties to bind the protoporphyrin moiety, the QjS 0 ^ 105 mutant was tested to determine whether it 
can be reconstituted with heme. In the absence of DTT, even 1 /xM hemin did not confer any 
sensitivity to SNP (Fig. 5A). Higher concentrations of hemin (10 fiM) also did not have any significant 
effect (data not shown). However, in the presence of 1 mM DTT, the gj^ 105 mutant partially restored 
its NO-activation upon addition of hemin. In view of these data, it is suggested that the heme domain 
of the a/lF^ 105 mutant is capable of accepting heme, which is properly oriented and can bind nitric 
oxide to stimulate the enzyme. However, the complex of the afif^ 05 enzyme and heme is not stable. 
The reconstituted enzyme lost its heme and NO activation after the reconstitution buffer was removed 
by gel filtration (Fig. 5A). NO stimulation was not detected even when the activity was measured 
immediately after chromatography. 

[0050] The reconstitution of the ctfP 5105 mutant with heme did not change the extent of activation by 
YC-1 (Fig. 5B). However, the heme-reconstituted ajS^ 105 mutant demonstrated a greater effect of YC- 
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1 plus NO stimulation (Fig. 5B), exhibiting at least partial restoration of this catalytic property of sGC. 
Similar data were obtained, when BAY4 1-2272 was used as the allosteric activator (data not shown). 
[00511 Catalytic data correlated well with spectroscopic studies of the ctfP 5105 mutant. Addition of 
reduced hemin to the DTT-treated G^^enzyme resulted in the appearance of a Soret peak (Fig. 5C). 
However, it should be noted that the maximum of the observed Soret peak of the reconstituted ajS 0 ^ 105 
mutant was at 417 nm vs. 431 nm, characteristic for wild type sGC. Hemin binding to the gjS 0 ^ 105 
mutant was saturated at 13-fold molar excess of reduced hemin (data not shown), suggesting that 
interaction between the heme prosthetic group and the enzyme heme pocket is weak. In complete 
agreement with the activity data (Fig. 5A), the Soret peak of the bound heme disappeared after the 
reconstituted enzyme was passed through a gel filtration column (Fig. 5C). 
No Disulfide Bonds Between ot and /S Subunits of the off** 105 Enzyme. 

[0052] As the activity of the ctfP 55105 mutant is strongly affected by DTT, a reduction of a putative 
disulfide bond or a mixed thiol is implicated. A disulfide bond between two subunits of the enzyme, or 
between two distant cysteine residues of the same subunit will affect the mobility of these subunits on 
SDS-PAGE under non-reducing conditions. The mobililty of the a and /3 subunits of the aff^ 05 
mutant and wild type enzyme in both reducing and non-reducing SDS-PAGE was compared (Fig. 6). 
Mobility of both the a and f3 subunits of the ajCP 5105 enzyme was not affected by the treatment with 
DTT or presence of j3-mercaptoethanol in the SDS-PAGE loading buffer and was no different from the 
wild type subunits. Thus, no disulfide bonds between the subunits, or distal intramolecular bonds were 
apparent. In view of these results, it is suggested that sensitivity to DTT is due to the formation of 
either some close range disulfide bonds, or direct modification of sGC thiols by oxidation or formation 
of mixed thiols with small molecular thiols, such as cysteine or glutathione. 

Intracellular a0° ysI05 Enzyme is Heme-deficient and More Active than NO-stimulated Wild Type 
Enzyme. 

[00531 As the properties of the a^ 105 mutant are affected differently by various thiols, it was decided 
to test the activity of the ojS 0 ^ 105 enzyme in intact cells. Moreover, since the QjfP 5105 mutant could be 
transiently reconstituted in vitro with heme (Fig. 5), it was also tested whether intracellular conditions 
are more favorable for the formation of heme competent enzyme than conditions in vitro. Intracellular 
cGMP accumulation was examined in SF9 cells expressing the a/f^ 105 mutant or the wild type 
enzymes (Fig. 7). Addition of 1 mM SNP to the wild type SF9/aj3 cells increased the rate of cGMP 
accumulation almost four-fold from 0.9 nmol/mg/5 min to 3.6 nmol/mg/5 min. It was observed that 
SNP did not affect the accumulation of cGMP in the Sf9 cells expressing the o^ 105 mutant (Fig. 7), 
thus it is proposed that the intracellular g^P 5105 mutant is also heme-deficient. However, the basal level 
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of cGMP accumulation in the SF9/ aff^ 105 cells was about ten times higher (33 nmol/mg/5min) than 
the rate in NO-activated SF9 cells overexpressing wild type enzyme, although the level of expression 
was the same (data not shown). 
Discussion 

[0054] Binding of nitric oxide to Fe* 4 " in the heme moiety of soluble guanylyl cyclase is the central 
event leading to the stimulation of sGC. NO induced changes in the interaction between heme and the 
coordinating histidine 105 residue result in conformational changes which significantly increase the 
enzyme's specific activity. In previous studies of recombinant wild type human sGC, we (12, 26) and 
others (41) found that the wild type enzyme displayed a specific activity of -1.5 /imol/min/mg after 
exposure to NO. In the present disclosure, an oj^ 105 mutant variant of the human sGC is described 
that lacks both the heme moiety and the heme coordinating histidine 105 residue, and which exhibits 
high constitutive activity similar to activity NO-stimulated wild type enzyme. 

[0055] The substitution of the histidine 105 residue by a cysteine resulted in a heme deficient sGC, as 
demonstrated by the lack of a Soret peak characteristic for sGC (Fig. 5C). In the absence of thiols, the 
ctfP 5105 enzyme has a high specific activity of 1.2 ± 0.3 nmol/mg/min (n=4 independent purifications). 
The specific activity of the QjS 0 ^ 105 mutant varied somewhat with preparation, but this activity was 
always comparable to the activity of NO-induced wild type enzyme as shown in Fig. 1. High activity 
of the ojS 0 ^ 105 enzyme may be explained by changes in the catalytic center or in the regulatory domain. 
However, the gjS 0 ^ 105 mutant has a GTP-Km similar to previously measured GTP-Km for the wild type 
enzymes (Table 1) and displays identical to wild type enzyme susceptibility to cystamine inhibition, 
which is attributed to inhibition of the catalytic function of sGC. These findings suggest that the 
function of the catalytic center was not affected by the mutation and cannot account for the marked 
constitutive increase in ajS 0 ^ 105 enzyme activity. Since the substituted His 105 is not part of the 
catalytic domain, but has a demonstrated role in heme coordination, we postulate that the observed 
GjfP 3105 mutant phenotype reflects changes in the function of the regulatory domain. Wild type enzyme 
can be stimulated in a NO-independent manner by Protoporphyrin DC, arachidonic acid or with 
allosteric activators like YC-1 and BAY41-like compounds. Without DTT the activity of 0)8°^ 105 
enzyme was enhanced modestly by NO-independent activators of sGC, such as protoporphyrin IX, 
arachidonic acid or YC-1 (Fig. 2, 3 and 4). The mutation did not affect the binding sites of any of the 
tested NO-independent activators. The exposure of highly active gjS 0 ^ 105 enzyme to millimolar 
concentrations of DTT not only resulted in a 5-7 fold decrease in enzymatic activity, but also restored 
the mutants sensitivity to all NO-independent stimulators. This restoration indicates that the mutation 
did not directly affect the structural elements necessary for the binding or activation by these NO- 
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independent agents. It appears that the ajS 0 ^ 105 mutant is purified in a constitutively activated state that 
is not sensitive to additional stimulation. Such properties are similar to the properties of the NO- 
stimulated wild type enzyme, which exhibits a blunted response to allosteric regulators at maximal NO 
activation (37, 42). Thus, it is proposed that the obtained mutant, although heme deficient and without 
a Histidine 105 residue, achieved a similar conformation as the wild type enzyme stimulated by nitric 
oxide. Measurements of cGMP accumulation in Sf9 cells (Fig. 7) also demonstrate that the ojS 0 ^ 105 
enzyme is constitutively highly active. 

|0056] An earlier report describing the substitution of the Histidine 105 residue of the bovine /3 subunit 
with phenylalanine (21, 40) clearly demonstrated the heme-coordinating role of the His 105 residue. 
We substituted the heme-coordinating histidine with a cysteine residue, which is also known to 
coordinate heme, e.g. nitric oxide synthase (43). As summarized in Table 1, the human sGC mutant 
carrying the /3Hisl05 -» Cys substitution shares many properties with the bovine sGC with (/3Hisl05 
-» Phe substitution. Both o)3 phe105 and off** 105 enzymes are heme-deficient and do not respond to NO 
stimulation. However, after heme reconstitution both qjS™ 6105 and off** 105 mutants are activated by NO 
2.7- (40) and 3.6-fola (Fig. 5A and B), respectively. The Soret bands for both heme reconstituted 
mutants were shifted in comparison to the wild type enzyme (\nax=431 nm). qS 0 ^ 105 enzyme had a 
Soret peak at 417 nm (Fig. 5C), while the o)8 phe105 sGC had a maximum at 400 nm (40). Spectral 
differences of these mutants and wild type enzyme are probably due to different heme coordinating 
residues or lack of such coordination. 

[0057] Although there are many similarities between these two mutants, there are also some significant 
differences, o^ 105 displayed a high basal activity of 1.2 /imol/min/mg, while the G)3 pheI05 had a 
substantially lower activity of only about 40 nmol/min/mg (40). Even the DTT-inhibited qjEP* 105 had a 
higher activity than the Qj8 phe105 enzyme (Table 1). Another important difference between these 
mutants is activation by protoporphyrin IX. oj8 Phe105 enzyme was able to bind PPIX, as demonstrated by 
spectral studies, but was not stimulated by PPIX (40). On the contrary, the off** 105 mutant, presented 
in this report, was stimulated by PPIX, especially after addition of DTT (Fig. 4 and Table 1). 
[0058] Different responses of these two mutants to protoporphyrin IX provides additional information 
about the mechanism of sGC activation. A previous model, based on spectroscopic data and supported 
by the properties of o)3 Phe105 enzyme (24, 25, 44), assumed that the release of the coordinating bond 
between His 105 and heme or PPIX insertion to heme-deficient enzyme allows the His 105 residue to 
exert its stimulatory role. This model infers an indispensable role of the Histidine 105 residue for the 
stimulation of sGC. However, the properties of the GjS 0 ^ 105 mutant presented in the instant disclosure 
indicate that Histidine 105 can be replaced by a structurally unrelated cysteine residue without affecting 
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the ability of sGC to achieve a highly active conformation or be stimulated by protoporphyrin IX. The 
properties of the ctfP 5105 mutant demonstrate that the His 105 does not play a role in stimulating the 
enzyme. We propose that through the formation of a coordinating bond with heme it retains the 
regulatory domain in a "restrictive 1 ' state, which assures only low basal activity of the enzyme. A 
schematic representation of changes in the regulatory domain of wild type and ajS 0 * 5105 sGC is shown in 
Fig, 8. The parallelogram schematically represents the protoporphyrin portion of the heme group, 
while the box represents the regulatory domain. Changes in the box height represent conformational 
changes in the regulatory domain. R - putative DTT- sensitive modification of Cys 105 or other cysteine 
residue from the regulatory domain. The binding of NO to heme allows the transition from the 
"restrictive" conformation of the regulatory domain to a "permissive" conformation, which permits 
stimulation of the enzyme. Under this model, the histidinel05 residue has an active role before binding 
of NO, but plays a passive role after NO-induced disruption of the heme-coordinating bond. The 
G^ 105 mutant is constitutively found in such a "permissive" conformation (Fig. 8), which can be 
inhibited by DTT. 

[00591 The sensitivity of the ojS 0 ^ 105 mutant to DTT is an important feature of this constitutively active 
mutant. The His 105 Cys substitution introduced an additional thiol in the regulatory domain of 
sGC DTT-dependent inhibition of the Gj^ 105 enzyme suggests that a thiol modification is essential for 
constitutively supporting the mutant enzyme in this "permissive" conformation. Analysis of the 
mobility of ojS 03 * 105 sGC subunits indicated that no disulfide bonds between a and j3 subunits or 
between distant cysteine residues of the same subunit can be detected (Fig, 6). However, this study 
cannot exclude a close range disulfide bond formation. Cys78 and Cys214 of the /3 subunit were 
identified as residues important for heme binding (7) and are, most probably, exposed to the heme 
pocket and in close proximity to Cys 105. Formation of a disulfide bond between these residues might 
provide necessary structural changes in the regulatory domain to support a "permissive" conformation. 
Alternatively, CyslOS could form a mixed thiol with a glutathione or cysteine molecule also resulting 
in formation of a "permissive" conformation. Finally, oxidation of cysteine 105 to sulfenic (-SOH) or 
sulfinic (-S0 2 H) acids may be the modification required for the "permissive" conformation. These 
modifications, schematically represented as "R" in Fig, 8 could be reduced by DTT, resulting in the 
transition of OjSCys 105 sGC regulatory domain from a "permissive" to a "DTT-attenuated" conformation 
functionally similar to "restrictive" conformation of the wild type sGC. 

[0060] The constitutively active QjS 0 ^ 105 mutant sGC described in this report could be useful to 
understand the mechanism of sGC activation. Although a large body of evidence exists about changes 
in the heme moiety of the regulatory domain upon NO induction, the mechanism that couples these 
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events with the stimulation of enzymatic activity in the catalytic center is still not clear. An interaction 
between the regulatory domain and the catalytic center can be easily envisioned. However, the 
functional outcome of such interaction is not evident. The catalytic center can be activated by 
mechanisms similar to Gsa or forskolin activation of adenylyl cyclase (45, 46) or GCAP activation of 
photoreceptor GC (47). GCAP is known to regulate the function of the retinal membrane-bound 
guanylyl cyclase (55, 56), and Gsa is known to regulate adenylyl cyclase (57). 

[0061] In these cases, two cyclase homology domains necessary for the functional catalytic center are 
brought together by stimulatory molecules. Alternatively, the putative interaction between the 
regulatory and catalytic domain can have an inhibitory effect, similar to the inhibitory role of the kinase 
homology domain (KHD) of the membrane guanylyl cyclases with a single transmembrane domain 
(48). Binding of the ligand to membrane GC results in the relief of inhibition of the catalytic center by 
KHD (49). In view of the foregoing results and discussion, it is proposed that the Histidine 105 residue 
of the |3 subunit plays a crucial role in maintaining the regulatory domain of sGC in a "restrictive" 
conformation. Substitution of this residue with cysteine mimics the transition of the sGC regulatory 
domain into a "permissive" conformation. To our knowledge this is the first disclosure of a sGC 
enzyme that can be maintained in a stimulated state without the addition of stimulatory ligands such as 
NO or allosteric regulators. Ongoing studies of this mutant are expected to further elucidate the 
mechanism of sGC stimulation. 

[0062] Without further elaboration, it is believed that one skilled in the art can, using the description 
herein, utilize the present invention to its fullest extent. Preferred ways in which the compositions and 
experimental results described herein may be applied are as follows. These applications are intended to 
be representative or illustrative of other and various embodiments, and should not be construed as 
constraining the extent of this disclosure in any way whatsoever. 
Identification of Functional Regions Responsible for sGC Regulation 

[0063] Small deletion probing of sGC regulatory domain in the context of /3Cys 105 subunit may permit 
the identification of functional determinant(s) responsible for sGC regulation. Previously performed 
deletions (4, 40, 50) or insertions (12) in the N-terminal domains of sGC resulted in enzyme with only 
basal activity due to the loss of heme moiety. Thus, deletion probing of regulatory determinants based 
on the wild type enzyme could result in heme-deficient enzyme and limit the application of this 
approach. The availability of the mutant a jSCys 105 enzyme allows one to perform this analysis without 
the risk of losing the heme group. Analysis of sGC enzymes carrying ]8Cysl05 subunit and a subunit 
containing various deletions in the regulatory domain will permit one to identify the regions in a 
subunit (if any), which will reduce high specific activity of the mutant a /3Cys 105 enzyme to levels 
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similar to the basal activity of the wild type enzyme. For this purpose, the activity of purified ajS 0 ^ 105 
carrying the mentioned deletions or a cell lysate containing aff^ 05 enzyme with mentioned deletions 
will be determined and compared with the activity of the ojS 0 ^ 105 enzyme. Analogous studies could be 
performed for the enzymes carrying, in addition to Hisl05->Cys substitution, various deletions in the 
regulatory domain in order to identify regulatory determinants in the j3 subunit Deletions which will 
only reduce the activity of the ojS 0 ^ 105 enzyme, without total loss of ability to synthesize cGMP, will 
point to elements of sGC enzyme determining the activation process. Identification of these 
determinants in a and/or /? subunits will allow one to design new drugs specifically targeting these 
regulatory determinants. Such studies could be carried in addition to crystallization of the described 
ajS 0 ^ 105 mutant sGC with and without DTT. Comparison of such crystal structures, may be a viable 
approach to determine structural determinants of sGC stimulation. Deletion probing of the mutant 
ojS 0 ^ 105 enzyme, and crystallographic studies may be carried out using methods and techniques as are 
known in the art (4, 40, 50). 
Use ofaQfy* 105 sGC in Inhibitor Screening 

[0064] The constitutively active mutant may also be a useful reagent to screen for novel inhibitors of 
sGC. Absence of heme moiety will insure that found inhibitors are not directed towards heme moiety, 
but towards other structural elements of the enzyme. Screening assays are performed substantially as 
described in Assay of sGC Activity in Materials and Methods, modified to include an inhibitor, test 
compound or substance of interest. Alternatively, any other suitable assay method capable of 
measuring the activity of the off** 105 mutant enzyme may be used, applying the knowledge and 
techniques that are generally known to those of skill in the art. For example, a screening procedure for 
identifying a heme-independent inhibitor of soluble guanylyl cyclase includes a) obtaining purified 
gjS 0 ^ 105 mutant soluble guanylyl cyclase enzyme or a cell lysate containing a^ 105 mutant soluble 
guanylyl cyclase enzyme; b) assaying the purified enzyme or cell lysate for formation of cGMP from 
GTP in the presence of the test compound; and c) assaying the purified enzyme or cell lysate for 
formation of cGMP from GTP in the absence of the test compound. If desired, steps b) and c) may be 
carried out in the presence or absence of various activators). Finally, the results from the foregoing 
steps are compared to determine whether the test compound inhibits cGMP production by the purified 
enzyme or cell lysate. 

Use ofotfF ysm sGC in Activator Screening 

[0065) The apCys 105 mutant enzyme is also useful as a reagent for screening test compounds for heme 
independent activation of sGC. These assays are also carried out substantially as described above, 
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except that the tests with and without the activator or test compound are compared to determine 
whether the compound enhances cGMP production by the purified enzyme or cell lysate. 
Therapeutic Treatment with q^*'" 5 sGC, or the j8 Subunit 

[0066] Since sGC is known to be important to the body's regulation of cardiovascular homeostasis, and 
to play a critical role in neurotransmission, sensory perception, and a variety of pathologies (e.g., high 
blood pressure, atherosclerosis, septic shock), the ojg 0 ^ 105 mutant soluble guanylyl cyclase, or its jS 0 ^ 105 
subunit, may be employed to initiate, increase and/or sustain the intracellular production of cyclic GMP 
in a mammalian cell. The procedure may include administering the mutant sGC, or the jS 0 ^ 105 subunit, 
to the mammalian cells. Additionally or alternatively, the procedure may include introducing into the 
cell an operative gene or coding region of the gene for both a and jS 0 ^ 105 subunits or for the mutant 
subunit alone. The mutant j3 subunit, is then constitutively expressed in the cell and cyclic GMP is 
produced as a result. 

[0067] A method of treating or preventing a mammalian pathophysiologic condition associated with 
cyclic GMP regulation of a cellular process may include causing the constitutive expression of ajS 0 ^ 105 
mutant sGC in a mammal in need of such treatment or prevention, to initiate, increase and/or sustain 
intracellular production of cGMP. This may be accomplished by delivering ajf^ 05 mutant sGC 
enzyme, or the /J 0 ^ 105 subunit thereof, to at least one cell of the mammal, preferably a human. 
Alternatively, the method of treating or preventing a mammalian pathophysiologic condition associated 
with cyclic GMP regulation of a cellular process may include inhibiting cGMP production by 
administering an inhibitor of soluble guanylyl cyclase that acts independently of the heme moiety of 
soluble guanylyl cyclase. Techniques for in vitro and in vivo delivery of proteins are known to those of 
skill in the art. 

Gene Therapy to Provide Constitutive Expression of sGC 

[0068] Gene delivery of the mutant ojS 0 ^ 105 sGC, or the /3 subunit only, may be beneficial in disorders 
where increased cGMP levels are desired. This may be accomplished by delivering operable genes of 
a or (fv* m sGC subunits, or at least an operable portion of the gene containing the ff^ 105 subunit, into 
at least one cell in the mammal. Any number of gene delivery methods, which may include, but are not 
limited to, the administration of naked DNA or cationic lipid -DNA complex (51), virus mediated 
delivery (52-54). Alternatively, reimplantation of cells from the recipient, or delivery of stem cells, 
modified to produce the mutant gjS 0 ^ 105 sGC could be used to increase the cGMP levels in certain areas 
of the body. 

[0069] Pathophysiologic conditions associated with cGMP regulation of a cellular process which are 
expected to benefit from the above-described treatments include, but are not limited to, angina, chronic 
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heart disease, chronic hypertension (58), thrombosis (59, 60), atherosclerosis (60, 61), congestive heart 
failure (62, 63), myocardial infarction (64, 65), penile dysfunction (66), tumor or tumor metastasis (67, 
68), post-angioplasty complications (69, 70), complications arising from a vein graft operation (71), 
and septic shock. 
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150±15* 153±11* 


65-448 11-134 


Heme 


No 


No 


Yes 


\na X of Soret peak, nm 


Basal*' # 


+ NO*> # 


Basal 


+ NO 


Basal 


+ NO 


417 400 


400 # .(40) nd 


431 399 


Specific activity, 
/xmol/min/mg 
- without DTT 
- with DTT 
(fold activation by NO) 


Basal* 


+ NO*> # 


Basalt 


+ NO*>( 40 ) 


Basal* 


+ NO* 


1.2±0.3 1.2±0.2 
0.12±0.01 
0.44±0.08 
(3.6) 


ND 

0.04±0.03 0.11 ±0.03 
(2.7) 


0.05±0.02 1.41 ±0.2 
0.02±0.01 1.45±0.1 
(72.5) 


PPDC activation, fold 


No DTT 


+ DTT 


l(40) 


No DTT 


+ DTT* 


1.8 5.4 


6 14 



* - as determined in the present studies; ND - not reported; # - values after heme reconstitution. Values 
for the off** 105 enzyme are means ±SD of two (GTP-Km) and four (specific activity) independent 
measurement performed in triplicates. Values for the oj3 phe105 (specific activity) and the wild type 
enzyme (GTP-Km) are from cited references. 
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Definitions/ Abbreviations 

[0071] The abbreviations used herein are: sGC, soluble guanylyl cyclase; SNP, Sodium nitroprusside; 
YC-1. 3-(5'-Hydroxymethyl-2'furyl)-l-benzyl-indazole; cGMP, cyclic guanosine 3 ! , S'-monophosphate. 
IBMX, 3-isobutyM-methylxanthine, NOC-7, 3-(2-hydroxyl-l-methyl-2nitrosohydrazino)-N-methyl-l- 
propanamine; BAY 41-2272, 5-cyclopropyl - 2-[l-(2-fluoro-benzyl)-l^-pyrazolo[3,4-6]pyridin-3-yl]- 
pyrimidin-4-ylamine; PPDC, protoporphyrin DC; DMSO, dimethylsulfoxide; KHD, kinase homology 
domain. GCAP, guanylyl cyclase activating proteins; Gsa, alpha subunit of one of G-proteins (Gs 
isoform). 

[0072] While the preferred embodiments of the invention have been shown and described, 
modifications thereof can be made by one skilled in the art without departing from the spirit and 
teachings of the invention. The embodiments described herein are exemplary only, and are not 
intended to be limiting. Many variations and modifications of the invention disclosed herein are 
possible and are within the scope of the invention. The disclosures of all publications, patents and 
patent applications cited herein are incorporated by reference to the extent that they describe methods 
and materials not expressly set forth herein. 
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